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The purpose of this paper is to introduce the gas exchange measurement and flux calcula-
tion methods commonly used in the projects of the programme “Greenhouse gas emissions 
from the use of peat and peatlands in Finland”. The methods include measurements of 
instantaneous fluxes of CO2, CH4 and N2O made at the ecosystem–atmosphere boundary 
using closed chamber, and whole ecosystem fluxes of the gases using micrometeorological 
EC tower extending above the canopy, and the integration of seasonal and annual fluxes. In 
addition, tools developed for gap filling of missing weather records, and generating com-
plete weather patterns for the key environmental controls of the gas fluxes are introduced. 
Derivation of emission factors from the collected gas fluxes, capable of reproducing the 
dynamic, climate dependent nature is outlined.
Introduction
Peatlands have been under significant land use 
in Finland. One third of the Finnish land area 
originally consisted of peatlands, and more than 
half of that has been taken in use. Peatlands have 
been drained for agriculture (Valmari 1982), 
and especially for forestry (Heikurainen 1982), 
but also for peat extraction purposes (Suoninen 
1982). After abandonment from the original use, 
peatlands may be restored towards peat-forming 
ecosystems (Vasander et al. 2003, Tuittila et al. 
2000) or even turned into other use (Selin 1999). 
The extent of Finnish peatland utilization brings 
about a substantial contribution to nation’s land-
use-related greenhouse gas emissions (Lapvete-
läinen et al. 2007).
The purpose of this paper is to introduce the 
methods commonly used in all gas exchange 
data collecting projects within the programme 
“Greenhouse gas emissions from the use of 
peat and peatlands in Finland”. The programme 
aimed at improving the knowledge on the green-
house gas emissions due to peatland drainage.
Many types of modified peatland ecosystems 
in Finland imply a broad palette of techniques 
to capture the changes in rates of organic matter 
decomposition and the carbon stores. The role 
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of a terrestrial ecosystem as an organic carbon 
source or sink depends on the ratio of litter 
production and removal by decomposition. The 
largest part of matter fluxes in terrestrial eco-
systems takes place in gaseous form: plants take 
CO2 from the atmosphere in photosynthesis, and 
release much of it back in respiration. Drain-
age increases oxygen penetration in peat above 
the lowered water table, where heterotrophic 
respiration may mineralize peat organic matter 
releasing CO2 (Silvola et al. 1996) but also other 
greenhouse gases such as N2O. The changes in 
biological processes and the resulting gas fluxes 
are strongly time dependent. Organic carbon 
has certainly been lost from Finnish peatlands 
reclaimed for agriculture (Nykänen et al. 1995, 
Kasimir-Klemedtsson et al. 1997, Maljanen et 
al. 2001, Lohila et al. 2003, 2004, Maljanen et 
al. 2004), but in peatlands drained for forestry 
the changes in the C stock seem more ambigu-
ous (Laiho 2006). Increased growth of trees and 
shrubs (Minkkinen & Laine 1998) has intro-
duced a clear shift in growing stock and litter 
production, but estimation of the turnover rate of 
belowground litter is hard.
Carbon (C) stock changes due to peatland 
management may be relatively small as compared 
with the C stock and therefore direct measure-
ment of the stock size is very difficult. Instead, 
gas fluxes are indicative of the stock changes. 
According to the internationally accepted guid-
ance (Houghton et al. 1997, Penman et al. 2000, 
Penman et al. 2003) for reporting the greenhouse 
gas emissions and removals to the United Nations 
Framework Convention of Climate Change and 
the Kyoto Protocol, the gas fluxes from peat soils 
can be reported. Fluxes of CO2 (Minkkinen et 
al. 2007a, Mäkiranta et al. 2007, Saarnio et al. 
2007), and the non-CO2 gases as indicated by 
the Climate Convention, such as CH4 (Mink-
kinen et al. 2007b, Saarnio et al. 2007) and 
N2O (Maljanen et al. 2007), were measured in 
the research programme using closed chamber 
techniques. The mere vertical distributions of 
live vegetation both above and below the peat 
surface level dictate how the gas exchange bal-
ances can be assessed. Closed chambers were 
employed at the soil-atmosphere boundary while 
the exchange rates for the whole ecosystem were 
monitored with a tower-based micrometeoro-
logical methods (Lohila et al. 2007). Partitioning 
of the sources for total soil CO2 efflux is chal-
lenging in field conditions (Kozyakov 2006). 
As the gas fluxes continue through summer and 
winter (Alm et al. 1999), methods are presented 
for both conditions.
The principal methods for closed chamber 
and EC measurements are outlined below. The 
details may slightly differ by site, and those 
particular details are described in the specific 
papers for each land use category. Both field 
methods and the computation of the flux rates 
from the measurements of CO2, CH4 and N2O are 
introduced. The methods should allow for com-
pilation of emission factors for all land use types 
applied on peatlands in different regions in Fin-
land, as described by Lapveteläinen at al. (2007). 
As the regional adaptation of emission factors 
depends on the models used for extrapolation, 
the shortage of regional test data restricted the 
validation of models. The actual emission factor 
coefficients are reported and their uncertainty 
discussed elsewhere in this issue (Alm et al. 
2007).
Measuring the exchange rate of 
CO2, CH4 and N2O
Gas exchange in forested peatland 
ecosystems
Net gas balance of an ecosystem is a result of 
input and outputs. The physical structure of the 
ecosystem restricts the methods available for 
studies on ecosystem–atmosphere gas exchange. 
A low or missing vegetation layer as in the case 
of the reference mires (Saarnio et al. 2007) 
or open agricultural peatlands (Maljanen et al. 
2007) allows for the use of portable chambers, 
while the presence of even a modest tree layer 
exceeds the chamber headspace dimensions 
(Fig. 1). Micrometeorological eddy covariance 
method (Fig. 2) with towers reaching above the 
highest canopy are useful in treed sites (Lohila et 
al. 2007), but are burdened with high cost, low 
portability and low spatial resolution.
Our solution of assessing carbon balance in 
forested peatlands was to estimate the ecosys-
tem inputs and outputs by combining multiple 
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sources of information (T. Penttilä unpubl. data). 
For input, data collected in Finnish National 
Forest Inventory (NFI; Tomppo et al. 1997) pro-
vides data on tree growth, collected on a regular 
basis. With the help of models and the NFI 
database, litter production and gaseous decom-
position of the litter can be estimated. The appli-
cation and details of biomass expansion factors 
and the decomposition models will be published 
later. In addition to the NFI compilation, an 
estimate of old peat matrix decomposition rate 
is needed. This was accomplished by separating 
the heterotrophic soil CO2 release component 
from the total ecosystem respiration, excluding 
the rate of litter decomposition. Finally, an esti-
mate of wintertime soil CO2 release was added. 
Instantaneous emissions of non-CO2 greenhouse 
gases (CH4 and N2O) were in most cases deter-
mined using closed chamber.
Soil CO2 emission using closed chamber
In treed peatlands managed for forestry purposes 
(drained for forestry, afforested after agriculture, 
afforested after peat extraction) soil CO2 effluxes 
were measured using a portable infra-red gas-
analyser (IRGA; models EGM-3 and EGM-4) 
equipped with a modified version (d = 31.5 cm, 
h = 15 or 17 cm) of an automatic soil respiration 
chamber (SRC-1, PPsystems Inc.). EGM + SRC 
is a closed chamber system in which the air cir-
culates between chamber headspace and IRGA. 
In the IRGA the CO2 concentration of sample gas 
is measured and results are saved in the internal 
memory every 4.8/8 seconds (EGM4/3). CO2 
Fig. 1. closed (vented) chamber systems for measuring co2 exchange nee between ground vegetation and the 
atmosphere. left-hand side panel: the transparent chamber was thermostatically controlled to near ambient air 
temperature (photo by miculáš Černota). right-hand side panel: the opaque chamber was used for total ecosystem 
respiration rtot, and the fluxes of ch4, and n2o. Rtot was measured with delay after nee to allow for equilibration 
of soil co2 conditions (photo by Kees Blom).
Fig. 2. eddy covariance tower used to measure gas 
fluxes at a forested peatland site. Photo by tuomas 
laurila.
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flux is automatically calculated from the linear 
change of CO2 concentration in chamber head-
space in time as a function of chamber volume, 
air temperature, and air pressure according to the 
ideal gas law.
Soil respiration was always measured after 
removal of the living above-ground vegetation. 
The sites were kept vegetation free by regular 
cutting. Different types of collars were set up to 
separate soil C efflux into heterotrophic (old peat 
and litter decomposition) and autotrophic (root 
respiration) components (Fig. 3). Spots with a 
plain groove for air-tight water sealing in the soil 
surface were used to measure the total soil respi-
ration. Autotrophic root respiration was excluded 
from some spots by inserting collars, with the 
grooves on top, 30 cm deep down to the peat. 
Data from these plots were used starting from 
the second year after cutting the roots, when 
they presumably were dead. The impact of new 
litter decomposition was studied by removing all 
litter from some spots and removing new litter 
regularly with mosquito nets inserted inside the 
collars. The partitioning of CO2 emission sources 
was done by pairwise comparisons of the collar 
setups.
For the flux measurement, the chamber was 
inserted on the groove for a 80 to 120 second 
period (up to 240 seconds in winter). Suffi-
cient sealing was ensured with a rubber seal 
between the chamber and the groove. Initial 
CO2 concentration was observed and if it clearly 
exceeded the concentration in ambient air (due 
to accidentally poor flushing of tubings) the 
measurement was restarted. Simultaneously with 
flux measurements, soil temperature (5 cm) and 
distance to water table were measured. All spots 
were visited 2–4 times a month during the warm 
season, and once a month in winter. In winter, 
fluxes were measured from the top of the snow 
at some selected spots at each site. A 10-cm-deep 
collar equipped with a supporting “snowshoe” 
plate was inserted in the snow and a measure-
ment was done as that in the summer, except that 
measurement time was 240 seconds due to very 
low wintertime fluxes.
The automatically saved CO2 concentration 
data were carefully inspected and serious devia-
tions from linearity were corrected either by 
removing bad data points and calculating the flux 
manually, or deleting the whole measurement. 
Data quality was on average very good; only a 
few measurements were deleted and less than 
1% of summertime fluxes needed any correction. 
Low winter fluxes were mostly calculated manu-
ally, to increase the accuracy of the close-to-zero 
flux estimates.
All automatically calculated fluxes were 
manually corrected for air temperature and spot-
specific chamber headspace volume. Chamber 
Fig. 3. Partitioning soil 
co2 emission sources 
with different collar setups. 
aboveground parts of 
vegetation were removed 
from each collar. the left-
hand side collar extended 
below the rooting depth, 
and was used for elimi-
nating the root respiration 
nearby. entry of litter was 
eliminated from the left- 
and right-hand side col-
lars. Photo by Kari mink-
kinen.
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headspace volume varies between spots and may 
change in time within the spots, since the height 
of the headspace changes when mosses inside 
the collar grow or when old peat decomposes 
and the surface therefore subsides. The mean 
height was measured using a cylinder equipped 
with a systematically perforated lid. The cylinder 
was placed on the groove, a measuring rod was 
dropped through the lid-holes down to soil sur-
face and the distances from lid to the soil surface 
were recorded. EGM-4 makes automatic correc-
tions for water vapour and atmospheric pressure, 
while EGM-3 does not. These corrections are, 
however, small and EGM-3 results were left 
uncorrected.
For treeless land use types (natural mires, 
peatlands reclaimed for agriculture, abandoned 
after agriculture, abandoned cutaways, and 
rewetted cutaways), respiration was measured 
as a part of plant community net flux measure-
ments, using larger 60 ¥ 60 cm collars, a dark 
chamber and manual data recording.
Fluxes of CH4, N2O and wintertime CO2
Closed vented static chambers were employed 
in summer soil CH4 and N2O exchange measure-
ments at treeless sites, and throughout the year 
in treed sites. In winter, when the snow depth 
was less than ca. 30 cm, the following procedure 
was also applied for measuring the CO2 emission 
when the IR analyser could not be used on site. 
A permanent 60 ¥ 60 cm or a round (d = 31.5 
cm) collar with a groove for water sealing was 
installed in soil. The sleeve of the collar extended 
20–60 cm in soil, which is usually below the 
rooting zone (Laiho & Finér 1996). Ground veg-
etation within the collar was left intact. For the 
gas sampling, an opaque aluminium chamber (h 
= 30 cm) was placed upon the collar air-tightly 
due to water added in the groove. Four 30–50 
ml air samples were drawn in syringes from the 
large (> 100 dm3) chamber headspace at known 
intervals over 15–60 min closure of the chamber. 
In winter, when the soil surface temperature was 
close to 0 °C the chamber was closed for 40–60 
min, and in summer for 15–20 min. Each collar 
was visited 2–4 times a month in summer, and 
once a month in winter.
The gas samples were analysed within 24 
hours using gas cromatograph equipped with 
packed column, FID, ECD and TCD (for exact 
configurations, see Saarnio et al. 2007, Maljanen 
et al. 2007, Mäkiranta et al. 2007, Yli-Petäys 
et al. 2007). Compressed air, analysed against 
known concentration of the gases, was used as 
a standard. The standard gas was analysed in 
accordance with the samples in order to monitor 
the performance of the GC.
For closed chamber data the flux rates of 
CH4 and N2O were calculated from the ana-
lysed chamber headspace samples as follows: 
A linear regression slope was calculated from 
the four sequential sub-samples over the exact 
sampling time of each syringe (minutes). The 
slope indicating the flux rate at the collar area 
was extrapolated over time and area into a flux 
estimate of mg CH4 m–2 h–1 or µg N2O m–2 h–1. If 
the flux rates are expressed as daily values, they 
originate from hourly fluxes multiplied by 24. 
Coefficient of determination R2 calculated for 
the individual sample set regressions were used, 
together with the diagram of sub-sample concen-
trations against sampling time, to evaluate the 
correctness of the sample. If the initial headspace 
gas concentration estimated with the graph was 
overly high as compared with the ambient air 
concentration (ca. 1.8 ppm for CH4 and 311 ppb 
for N2O), the sample was discarded due to prob-
able ebullition due to disturbance in placing the 
chamber. Similarly, other unexplained changes 
in the measured headspace concentrations and 
a low R2 (< 0.9) could lead to discarding of the 
sample. However, in cases of close to zero fluxes 
the R2 is always low and was not used as a crite-
ria for flux disqualification.
When the soil was covered by at least 30 
cm of snow, the snow gas gradient method was 
used (Fig. 4). In the gradient flux calculation, the 
snow was assumed a homogenous porous media, 
and the flux rate for each gas Fg was calculated 
using Fick’s first order diffusion formula (Som-
merfeld et al. 1993, Alm et al. 1999):
 Fg = Dg(dCg/dz)f. (1)
Concentration gradient dCg was measured as 
difference between the gas concentration below 
and above the snow layer. Diffusion coefficient 
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(Dg) of 0.139 cm2 s–1 was used for CO2 and N2O, 
and 0.22 cm2 s–1 for CH4, respectively. Snow 
porosity f was estimated on the basis of density 
ρ measured during each measurement campaign 
by weighing volumetric snow samples taken 
through the known depth z of the snow layer:
 f = 1 – (ρ/0.9168 g cm–3),
 where 0.9168 g cm–3 = the density of ice. (2)
In treed sites, wintertime fluxes were meas-
ured with chambers from the top of the snow-
pack. A 10-cm-deep collar equipped with a 
“snowshoe” was inserted on the snowpack and 
measurement was done as usual in summer, 
except that closure time was longer (up to 60 
min.).
Soil/plant-atmosphere CO2 exchange 
using closed chamber
Instantaneous net ecosystem CO2 exchange 
(NEE) measured with a transparent chamber is 
a balance between the simultaneous CO2 fixa-
tion of ground vegetation and CO2 release from 
the system in the respiration of plants and het-
erotrophes. A polycarbonate static chamber with 
dimensions of 60 ¥ 60 ¥ 30 cm and total volume 
of 111.5 dm3 including the cooler unit was used. 
The chamber was equipped with a battery-oper-
ated fan to mix the chamber headspace air, 
temperature controlled with a radiator cooling 
system (volume 3.5 dm3) within 1–5 °C of the 
ambient temperature. The same 60 ¥ 60 cm col-
lars were used during the growing season for 
NEE, CH4 and N2O measurements.
For each collar a series of measurements 
were done, the first in prevailing light condi-
tions, and the following ones with progressive 
shading in the cropland sites (Maljanen et al. 
2007) and restored cutaways (Yli-Petäys et al. 
2007). Artificial shades were applied to obtain 
NEE rates under a wider range in photosynthetic 
photon flux densities (PPFD) in order to better 
establish a relationship between photosynthesis 
and PPFD. Finally, NEE was measured either 
with an opaque chamber, or the transparent 
chamber was covered with an opaque shroud for 
an estimate of instantaneous total respiration rate 
(R
TOT
). At the beginning of each measurement 
the chamber was placed into the groove of the 
collar and water was added to provide an airtight 
seal. The CO2 mixing ratio in the chamber head-
space was measured with a portable infrared gas 
analyzer. After each measurement the chamber 
was removed for a while to allow stabiliza-
tion of the gas concentration in the sample plot 
Fig. 4. Gas sampling in 
snow gradient flux method. 
a gas sample is taken into 
a syringe from beneath a 
known depth in the snow 
pit, and the gas concentra-
tion is compared with that 
from ambient air above 
the snow. snow porosity 
is measured from a volu-
metric sample with help of 
solid ice density. Photo by 
markku Parhiala.
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and in the chamber to the ambient level. The 
analyzer readings in ppm were monitored after 
closing the chamber. The NEE measurement 
period lasted for 45–240 seconds. CO2 exchange 
rate (mg CO2 m–2 h–1) was calculated from the 
linear change of gas concentration as a function 
of time, chamber volume, and temperature in the 
headspace. Positive sign for instantaneous NEE 
was used when net consumption of CO2 from the 
chamber headspace was observed.
Special care was taken that the irradiation 
level did not vary during the accepted measure-
ment period. In case of e.g. a cloud shading the 
chamber, the measurement was interrupted. The 
length of the measurement period was regulated 
based on the change in gas concentration: Meas-
urement was carried out over a longer period 
(135–240 s) if the rate of change was low and 
especially in the cases where the small changes 
in concentration were fluctuating up and down. 
These cases were typical to peat surfaces with 
very sparse vegetation. In fully closed vegeta-
tion a shorter period of 45–120 s was considered 
appropriate when the change in consecutive CO2 
concentrations was even.
Air temperature inside the chamber (°C), 
water level relative to soil surface in a tube next 
to the sample spot (cm), and temperature in peat 
at 5, 10, 15, and 20 cm depth (°C) were measured 
concurrently with NEE in order to relate the 
CO2 fluxes to prevailing environmental condi-
tions. Photosynthetic photon flux density (PPFD, 
(µmol m–2 s–1) was measured every 15 seconds 
with a quantum sensor (PAR-1. PP Systems, UK) 
located at the top of the chamber during NEE 
measurements in light.
Whole ecosystem exchange of CO2, CH4 
and N2O using eddy covariance
Micrometeorological eddy-covariance method 
(Baldocchi 2003) is based on sensing turbulent 
wind field, temperature, and gas concentrations 
at high frequency and calculation of covari-
ance between the vertical wind component and 
the respective scalar variable. The sensors are 
attached to a mast extending above the ecosys-
tem. Turbulent flux rates are calculated on the 
basis of the covariances. The area corresponding 
to the average fluxes extends to several hundreds 
of metres upwind from the measurement mast. 
Data collected in turbulent weather conditions 
were sampled at 10 Hz and the fluxes calculated 
as 30-min averages. A three-axis sonic anemom-
eter SATI-3SX (Applied Technologies, Inc.) was 
installed on the top of the tower. Air was sucked 
at high flow rate of 6 l min–1 through a heated 
inlet tube to the CO2/H2O analyzer LI-7000 (Li-
Cor, Inc.) for the analysis of the gas concentra-
tions. This instrument and a data logging com-
puter were located on a scaffold below the tower 
and calibrated monthly using zero and span (391 
or 276 ppm) gases in synthetic air.
Air temperature and humidity (Vaisala 
HMP230) was measured at two elevations, at the 
top of the tower and at 3 m. Net irradiation (K&Z 
NR-LITE), global irradiation and reflected irra-
diation (LI200SZ), photosynthetic photon flux 
density (PPFD) and reflected PPFD (LI-190SZ) 
were measured at the top of the mast. We also 
measured soil temperatures (Pt100), moistures 
(ThetaProbe ML2x/w) and heat flux (HFP05). 
These and some other temperature and radia-
tion data close to the ground were read using 
Vaisala QLI50 sensor collector and stored on a 
computer.
Nitrous oxide and methane fluxes using eddy-
covariance method were measured at Alkkia for 
short periods of time between August 2003 and 
June 2004. The high-frequency gas concen-
trations of N2O and CH4 concentrations were 
observed by a Tunable Diode Laser gas analyser 
(TGA100, Campbell Scientific).
Calculation of eddy covariance flux rates
The high-frequency data were collected and 
processed by a LabView based program BAR-
FLUX. The coordinate system was double 
rotated to yield vanishing average vertical wind 
speed during each averaging period (Kaimal and 
Finnigan 1994). For determining the fluctuating 
components of signals, autoregressive filtering 
with a running mean time constant of 200 s was 
applied. The time shifts between the signals from 
the anemometer and each gas analyzer were 
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determined on-line for each averaging period by 
maximizing the absolute value of the covariance 
in question. The corrections for high-frequency 
flux loss (Moore 1986) and density fluctuations 
due to H2O (Webb et al. 1980) were calculated 
as part of the post-processing procedures. Flux 
observations with abnormal spikes or excessive 
sensor variance or when turbulence was insuf-
ficient (friction velocity smaller than 0.2 m s–1) 
were deleted.
Uncertainty in fluxes due to measurement 
techniques
calibration of flux chambers
CO2 chamber systems (EGM-4 + modified SRC-
1) used in the drained treed sites were tested in 
Hyytiälä (Finland) in 2003–2004 using a cham-
ber calibration tank (Pumpanen et al. 2004). 
Overall, the 12 tested similar static chamber 
systems (with air circulating between chamber 
headspace and analyser, i.e. “non-steady-state 
through-flow systems”), gave fluxes which were 
between 79% and 133% of the theoretical (“cor-
rect”) flux given by the calibration tank. On 
average, however, deviation from the tank flux 
was only 4%. Differences between systems were 
mainly caused by different chamber size/fan size 
combinations, which create different strength of 
air mixing and turbulence inside the chamber. 
Our system gave on average similar flux (100%) 
as the calibration tank when coarse dry sand was 
used as the soil material, but lower fluxes than 
the tank with fine dry and fine wet sand (85%–
87%). Thus, soil particle size seemed to affect 
our results whereas soil moisture did not. Similar 
results were seen with other “non-steady-state 
non-flow-through-flow” chamber systems that 
were tested (Pumpanen et al. 2004).
The chamber specific fluxes could be cali-
brated using the correction formulas given in 
Pumpanen et al. (2004). However, since the 
test did not include organic soils which typi-
cally have very heterogenous particle size and 
moisture distribution, the calibration may not be 
meaningful in our case. Thus, although the possi-
bility of such errors is recognised, no corrections 
were applied.
Biological and physical disturbances by 
chamber
Measurements of soil–atmosphere gas exchange 
with static flux chambers may introduce errors 
associated with disturbance of ecosystem func-
tions (e.g. clipping of aboveground vegetation 
or shading by shrouds), and disturbance of the 
gas concentration gradient or soil properties at 
the boundary layer. The benefits of chambers 
over EC tower measurements arise from the fact 
that while EC methods average the fluxes over 
a rather large footprint area, and may serve as 
a valuable ecosystem level reference, the large 
spatial variability in the fluxes, and the factors 
behind that variability at the microsite level, 
can only be assessed by chambers. Regarding 
the problems and solutions concerning chamber 
(Knapp & Yawitt 1992, Longdoz et al. 2000, 
Hutchinson & Livingston 2001, Davidson et al. 
2002, Hirsch et al. 2004, Pumpanen et al. 2004, 
Burrows et al. 2005, Kuzyakov 2006) and EC 
techniques (Massman & Lee 2002, Pihlatie et al. 
2005, Laine et al. 2006, Papale et al. 2006), we 
point out only those most specific to the methods 
applied in this research programme.
Disturbance of ecosystems functions was evi-
dent in partitioning heterotrophic (catabolic) soil 
respiration from the belowground growth and 
maintenance (anabolic) respiration. Especially in 
forest soil conditions, with abundand mycorrhizae 
and different turnover rates the partitioning of 
the various soil organic matter (SOM) fractions 
without intervention is very difficult. Kuzyakov 
(2006) reviewed a wealth of techniques used 
in separation of plant-derived and SOM-derived 
CO2 effluxes and analysed their shortcomings. In 
the review, root-exclusion techniques were con-
sidered reaching only a crude estimate of SOM-
derived CO2, and being sensitive to the initial dis-
turbance. However, we used the data only of one 
season after the roots were killed. Our version of 
the root-exclusion technique with 30-cm-deep 
collars and clippings was not able to distinguish 
the share of decomposition of the dead roots 
from the total heterotrophic CO2 (Minkkinen et 
al. 2007), but according to Laiho et al. (2004), 
20%–40% of Scots pine fine and small root litter 
can decay in the 0–20 cm layer during a year. The 
collars penetrated well the shallow rooting zone, 
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typically ca. 20 cm in drained peatlands (e.g., 
Laiho and Finér 1996), thereby avoiding errors 
from underlying live roots or potential lateral dif-
fusion below the collar (Hutchinson & Livingston 
2001). Nevertheless, the comparison of rooted 
and non-rooted plots revealed that the rate of 
decomposition seemed not to be greatly affected 
by disturbances in soil moisture even under con-
ditions of very low water table below the collars 
(Minkkinen et al. 2007a), since the high water 
retention capacity of organic soil seemed still to 
support the heterotrophic decomposition simi-
larly within and without the exclusion collar.
The time of employment of a chamber has 
several impacts on the gas fluxes. Initial place-
ment of the chamber causes a pressure artefact 
visible in the headspace gas concentration (Dav-
idson et al. 2002) that may last almost a minute. 
This period of time is relevant in CO2 exchange 
studies where the mixing ratio is followed in real 
time with IRGA. We waited until the change 
(or no change) in the headspace concentration 
became stabilized for the measurement of NEE. 
Further, the headspace may become saturated 
of CO2 during net respiration conditions, the 
chambers may leak or become depleted during 
net assimilation if the chamber is employed over 
longer periods of time (e.g. Burrows et al. 2005). 
Both conditions would lead to a nonlinear change 
in the concentration over time. As we assumed a 
linear change in our flux calculations, the log-
ging was started after and chamber employment 
stopped before any apparent nonlinearity was 
observed, typically after a maximum of 120 s (or 
240 s in winter). However, while the large cham-
bers with basal area of 60 ¥ 60 cm were used 
in winter with closure times reaching 60 min, 
the headspace concentration was not saturated 
enough for the nonlinearity due to the low flux 
rates at low soil temperatures.
Transparent chambers act like greenhouses 
and may be heated by sun during the employ-
ment and, according to our trials, the relative 
headspace humidity may rise to 100% almost 
immediately. Application of shrouds may create 
unrealistic temperature conditions especially for 
the estimation of R
TOT
 at night when using the 
daytime data (Burrows et al. 2005) for temper-
ate climate. Adjustment for temperature may 
be needed in order to avoid underestimation of 
NEE in low, or overestimation in high irradiation 
conditions. These factors would certainly affect 
the plant activities and NEE. Our chambers were 
automatically thermostatically regulated (Alm 
et al. 1997) to decrease impacts of excess tem-
perature, but no temperature corrections were 
applied. As the measurements with shrouds con-
tinued from spring to late autumn (Maljanen 
et al. 2007, Yli-Petäys et al. 2007), our data in 
part consist of measurements made at low tem-
peratures, which prevents extrapolations of the 
responses to nighttime temperatures.
In CH4 and N2O measurements, lasting for 
15–60 min, reaching overly saturating mixing 
ratios is hardly possible through a diffusive flux 
from soil to the chamber. Aluminium chambers 
get less heated in direct sunlight even without 
a thermal control, but the chamber fan could 
perturb the gas concentration in the soil surface 
layer especially in highly porous litter or moss 
layer. While the fan perturbation may be signifi-
cant in measuring the CO2 exchange, it may not 
be so important for CH4 or N2O when they origi-
nate in deeper layers.
Uncertainties in ec measurements
EC measurements have several potential error 
sources, among them topographic effects with 
night-time gravitational or drainage flows on 
uneven ground, terrain obstacles can generate a 
bluff body effect, or the surface source strength 
may not be uniform (Massman and Lee 2002). 
Incomplete data sets typically require gap filling 
in order to get estimate of annual flux dynamics, 
and these procedures introduce additional errors. 
The terrain in our study site at Alkkia was even 
and without major obstacles (Lohila et al. 2007) 
within the wind sector of 225° (270° through N 
to 135°) that was used in the EC measurements. 
The incomplete sector and especially low wind 
speeds at nighttime caused a need for gap filling, 
here performed for wintertime using the proce-
dure of Lloyd and Taylor (1994), and for sum-
mertime with help of phytomass index (Aurela 
et al. 2001). The final uncertainty in annual CO2 
balance was roughly estimated to cover a range 
of –163 to 154 g CO2 m–2 a–1 (Lohila et al. 2007). 
Standardization of and uncertainty due to gap 
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filling procedures are discussed by Papale et al. 
(2006).
Collection and simulation of 
environmental data
Measurements
All the sites were equipped with temperature 
logging devices, measuring continuously (in 1–4 
hour intervals) air and soil temperatures at sev-
eral depths. For diurnal and seasonal integration 
of chamber NEE measurements solar irradiation 
(PAR) above the canopy was recorded using 
quantum sensors (µmol m–2 s–1). Distance to 
the water table (WT) was measured at all sites 
in water wells (perforated plastic pipes) usually 
during the flux measurements. In order to reach 
continuous WT-records, the missing days were 
linearly interpolated from the data.
Gap filling of missing environmental 
data
Circumstances unavoidably arise when instru-
ment or infrastructural failures create gaps in 
the temporal stream of environmental measure-
ments. In the following we describe the compu-
tational methods devised for various gap filling 
situations. Most gaps are short in duration and 
affect only one or few related parameters. How-
ever, some failures, such as wide-area power 
outages or storms, occasionally affect nearly all 
recorded parameters at a given measurement 
facility. Moreover, the instruments and sensors 
may themselves become unstable or defective. 
Effort invested in filling gaps must be justified 
by evaluating whether carbon models are sensi-
tive to or benefit from marginal improvements 
provided by more advanced gap filling methods.
Some of the peatland carbon exchange and 
hydrology modelling tools such as PCARS (Frol-
king et al. 2002) and water table and soil tem-
perature models employed in this study require 
climatic data on an hourly temporal scale, while 
others such as DNDC (Zhang et al. 2002) need 
data on a daily scale and models such as COUP 
(see Jansson and Karlberg 2004) operate on both 
daily and hourly time scales. A data gap was 
considered SHORT if the data were missing for 
1 to 6 hours, MEDIUM if the data were missing 
for more than 6 hours, but less than 24 hours and 
LONG if the data gap was more than 24 hours. 
Short data gaps were filled using simple linear 
interpolation methods such as the one described 
in Akima (1970) and IMSL (1989). Medium 
gaps were filled with available data from climati-
cally similar neighbouring periods. Data gaps 
longer than 3 days required advanced gap fill-
ing techniques such as mechanistic, physically 
based models that describe the behaviour of the 
environmental parameter in time and space. In 
the following, we discuss the procedure we have 
adopted in filling data gaps for longer periods of 
time (data requirements ranging from a single 
growing season to several years worth of cli-
matic data).
Simulation of weather patterns
A stochastic weather generator is a useful tool for 
calculating time series of weather data of unlimited 
length. Models for generating stochastic weather 
data are generally developed to meet the require-
ments of long time series of daily weather, which 
are not available from observational records, grid-
ded weather data for spatio-temporal analysis or 
the ability to investigate changes in both the mean 
climate and its diurnal and interannual variability. 
With this in view, we have adopted and modified 
a weather generator originally developed at the 
University of Joensuu as a part of FINNFOR, a 
model used to assess the response of boreal forest 
ecosystem to climate change (for further details 
see Kellomäki et al. 1993, Strandman et al. 1993). 
The weather simulator generates weather series 
at hourly and daily time resolutions at a given 
location by spatially weighting the observed, long 
term monthly statistics from all measurement 
locations situated within the 180 km radius from 
the location of interest.
Here we used monthly average air tempera-
tures and precipitation for 1961–1990 (published 
by Finnish Meteorological Institute). This period 
was used for obtaining a more conservative dis-
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tribution of temperatures than would have been 
the case had the recently observed exception-
ally warm years been included. This allowed 
for evaluation of validity of the emission factors 
under changed climate conditions, but did not 
overestimate the emissions at the start of the 
reporting period 1990. In the weather simula-
tor, the air temperature pattern is calculated as 
a stochastic process and it forms the basis for 
the calculation of other climatic variables in 
the model. Thereby the occurrence of clouds is 
modelled as a random process modified by the 
temperature pattern. The presence of clouds is 
always required for precipitation. The precipita-
tion amount is related to the degree of cloudi-
ness. For estimating dynamic emission factors, 
we employed 30 years worth of climatic vari-
ables such as air temperature, rainfall, and inci-
dent solar radiation, relative humidity generated 
by the weather simulator for several locations in 
Finland and at hourly and daily time scales as 
relevant to our research objectives.
Simulation of WT levels and soil 
temperatures
In addition to climatic variables, soil tempera-
ture profile and WT form an important set of 
driving variables in both statistical and process-
oriented biogeochemical models. As these data 
are not routinely measured in peatlands and a 
continuous record of these variables is crucial 
in using the models, we have adopted models 
based on the closure of the water balance and 
soil heat exchange on an hourly to daily time 
scale. For WT and soil temperature in udrained 
sites we employed the mixed mire heat model 
of Granberg et al. (1999) that takes into account 
the snow processes, and for drained sites soil 
temperatures were simulated using the COUP 
model (Jansson & Karlberg 2004). The water 
retention characteristics, varying among different 
peat types, are described in the model following 
Weiss et al. (1998). The models utilize weather 
data on standard climatic variables such as air 
temperature, relative humidity and precipitation 
as driving variables, and peat quality and vegeta-
tion characteristics as input parameters.
Calculation of weather-dependent 
emission factors
Annual fluxes of NEE, CH4 and N2O
Regression-based transfer functions (Silvola et al. 
1996, Saarnio et al. 1997, Alm et al. 1997) were 
applied when the instantaneous flux estimates 
were integrated into seasonal fluxes. Although 
the uncertainty of single hourly estimates can be 
large (Bubier et al. 1999), the averaging nature 
of regression functions was assumed to produce 
stable seasonal estimates with the data collection 
frequency applied in the field (Kettunen 2000, 
Kettunen et al. 2000). For the integration of the 
instantaneous NEE data over the season and 
longer periods of time, statistical but physiologi-
cally based response models were built.
Instead of directly modelling NEE, the two 
components, gross photosynthesis P
G
 and total 
respiration R
TOT
 were separately related to varia-
tion in controlling factors following the ecologi-
cal interpretation of Tuittila et al. (2004). The 
model for P
G
 was based on Michaelis-Menten 






 ¥ PPFD/(k + PPFD) (3)
where the parameter P
MAX(PPFD)
 is the maxi-
mal, light saturated photosynthesis rate and the 
parameter k is equal to the PPFD at which photo-
synthesis rate is half of its maximum. Irradiation 
dependent P
G
 rate was related to the photosyn-
thetic activity controlled by temperature (T), WT 
and the amount of photosynthesizing material 
(Green Area of vascular plants, GA) using a mul-
tiplicative model form. The other factors control 
how large proportion of the potential maximal 
light saturated photosynthesis is reached in vari-
ous situations.
Total respiration of samples with living veg-
etation has two components: CO2 released in 
decomposition of organic matter (RD) and CO2 
released in plant respiration (RP).
 R
TOT
 = RD + RP (4)
In the model for R
TOT
 these two components 
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were independently described. Yli-Petäys et al. 
(2007) described the dependence of RD on WT as 
a sigmoid. Here, we elaborate the approach as an 
example, although other measurement projects 
(Saarnio et al. 2007, Maljanen et al. 1007) have 
used different variants of the response functions. 
In the sigmoidal model the decomposition rate 
is limited by lack of oxygen while the WT is 
close to soil surface. Further, when the WT drops 
below a certain threshold, dryness of the surface 
peat starts to limit microbial activity and the peat 
respiration rate becomes saturated.
 , (5)
where the parameter mR
D(WT)
 is the maximal 
respiration at conditions in which water level 
does not constrain respiration, b
1
 determines the 
speed and direction of change in RD along the 
WT gradient, b2 the center of the fastest change 
along the water level gradient and b3 determines 
the rate and direction of the change in RP along 
the temperature range.
Plant respiration was added to the model of 
R
TOT
 using a linear dependence of the respiration 
rate on the Vascular Green Area (VGA, Wilson 
et al. 2007). The VGA, sum of the species 
specific Green Area Indices (GAI’s), was used 
to describe the amount of living, metabolically 
active plant material. The use of VGA relies on 
the assumption that the ratio between above-
ground and below-ground parts is similar over 
the growing season and over all sample plots 
used in the model estimation.





 were used for the seasonal reconstruction 
of NEE. The functions transferred the logged 
hourly time series of solar irradiation, air tem-










The hourly values of NEE were then summed 
over the season. In the calculations for drained 
peatlands, the length of the season was assumed 
to extend from 1 May to 31 October. The winter-
time emissions were added to the growing season 
NEE using daily averages of wintertime flux data 
weighted by the number of days with permanent 
snow cover in the pristine mire sites in southern 
Finland (Saarnio et al. 2007), or the period or 1 
November–30 April in drained peatlands.
The transfer functions used for the com-
ponents of soil CO2 release (Minkkinen et al. 
2007a, Mäkiranta et al. 2007) were simple 
exponential models accounting for temperature 
dependence only. Moreover, the WT dynamics 
are not frequently monitored in drained peat-
lands. For this reason the extrapolation of fluxes 
were not based on all possible predictors for the 
gas fluxes (Moore & Knowles 1989, Silvola et 
al. 1985, Silvola et al. 1996). It was assumed 
that drainage kept the WT low, with little contri-
bution to soil respiration dynamics.
Fluxes of CH4 from the pristine mires were 
integrated using corresponding regression trans-
fer function techniques (see Saarnio et al. 2007). 
However, since the net fluxes were either close 
to zero or showed emission pulses not related 
directly to the measured environmental variables 
(N2O), the seasonal flux estimates for both CH4 
and N2O at the drained sites were obtained using 
average measured rates weighted by number 
of days in the season. In such conditions, the 
environmental controls for the microbiological 
processes are complicated, and simple regression 
models do not adequately describe the fluxes. 
Wintertime fluxes of CH4 and N2O, measured 
outside the growing season, were also averaged, 
weighted by the length of winter in days, and 
added to the seasonal estimate for both gas spe-
cies.
Annual fluxes from micrometeorological 
measurements
For the calculation of average CO2 balances the 
data gaps were filled because substantial part 
of the flux data is typically lost due to technical 
problems, insufficient turbulence conditions or 
other reasons. Data points originating from the 
southerly sector of the source area at Alkkia were 
deleted because the area was considered unrep-





 (Aurela et al. 2002) were 
constructed and seasonally fitted to the NEE. 
The equation for R
TOT
 was adopted from Lloyd 
and Taylor (1994) who assumed exponential 
dependence on temperature. We used the air 
temperature because of its better availability 
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and because regression models based on the air 
temperature are nearly as good as those based 
on the soil temperature. During the growing 
season when photosynthesis was observed, in 
order to solve the apparent quantum yield (α) 
and the light saturated gross production (P
Gmax
), 
a rectangular hyperbola function between PPFD 
and NEE was applied after subtracting the cor-
responding R
TOT
. Seasonally varying leaf area 
was taken into account by calculating effective 
phytomass index as described in Aurela et al. 
(2001). After constructing the continuous time-
series, daily, seasonal and annual CO2 balances 
were calculated.
Weather dependent emission estimates
Scales of temporal and spatial variability must 
be accounted for when emission factors are gen-
eralized: (1) inter-annual variations in weather or 
climate, and (2) regional variation in the distribu-
tion of peatlands over the region of assessment. 
Measurement of temporal variation is seldom 
possible; most of flux observation data are con-
fined to a couple or few years only. The observed 
inter-annual changes most probably do not 
reflect the complete range of the possible annual 
gas exchange rates. Using the flux rates and the 
values measured for controlling environmental 
factors, the relationship of instantaneous flux 
rates and the factors can be statistically evalu-
ated. Within the range of covariation observed in 
fluxes and the controls, annual emissions can be 
predicted for periods when the seasonal control-
ling factors are recorded. If the regional cover-
age of gas flux and environmental measurements 
is adequate, suitable regression models could be 
estimated for climatically different regions. The 
weather simulator and the underlying weather 
statistics would support such a regional assess-
ment. Extrapolation of the regression predictions 
is principally not allowed in conditions that 
exceed the range in observations.
We have so far employed the weather simu-
lator and soil models for estimating the pos-
sible contribution of inter-annual variability in 
weather to the gas fluxes (Minkkinen et al. 
2007a, Mäkiranta et al. 2007, Saarnio et al. 
2007). As measured data of solar irradiation and 
peat soil moisture (or WT) are not commonly 
available, such data were generated by means 
of a weather simulator. A chain of models were 
applied to simulate peat moisture, depth of the 
water table and peat temperature with input from 
hourly weather parameters, as described above. 
Transfer functions for NEE and CH4 were guided 
by the thirty year time series of simulated hourly 
weather patterns, and the variation in the respec-
tive gas flux estimates was used to illustrate the 
potential long-term weather-dependency of emis-
sion factors (Minkkinen et al. 2007a, Mäkiranta 
et al. 2007, Saarnio et al. 2007). The description 
of current vegetation, in terms of VGA, was used 
in order to achieve dynamic NEE for the pristine 
peatlands. It is likely that the artificial weather 
data includes such combinations of environ-
mental factors which our measurements do not 
cover. It was assumed that over the season, the 
averaging properties of regression transfer func-
tions tended to compensate for the possible few 
extrapolated values.
Inter-annual variability in the greenhouse gas 
fluxes, as such, is not directly usable as an error 
estimate in the land use related gas emission 
inventories. However, much of the uncertainty 
in the emission factors is due to the variation 
observed during the necessarily short study peri-
ods possible at each land use category. There 
the simulation tools may provide insight to the 
climatic responses of and feedbacks from the 
ecosystems under both management and envi-
ronmental changes. In this respect, weaknesses 
carried by statistical transfer functions can hope-
fully soon be overcome when process models are 
improved to make use of the collected new flux 
data and the better quantified process controls.
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